We have studied the electron spin relaxation in semiconductor InAs=GaAs quantum dots by timeresolved optical spectroscopy. The average spin polarization of the electrons in an ensemble of p-doped quantum dots decays down to 1=3 of its initial value with a characteristic time T 500 ps, which is attributed to the hyperfine interaction with randomly oriented nuclear spins. We show that this efficient electron spin relaxation mechanism can be suppressed by an external magnetic field as small as 100 mT.
Spins of localized electrons in semiconductor quantum dots (QDs) are attractive for future spintronic and quantum information devices since they are not subject to the classical spin relaxation mechanisms known for free carriers [1] [2] [3] [4] [5] . Recent theoretical studies have predicted that the dominant mechanism of electron spin relaxation in QDs at low temperature is due to the hyperfine interaction with nuclear spins [6] [7] [8] . An electron spin in a quantum dot interacts with a large but finite number of nuclei N L 10 3 -10 5 [4] . In the frozen fluctuation model, the sum over the interacting nuclear spins gives rise to a local effective hyperfine field B N [6] . The electron spin can thus coherently precess around B N [6, 7] . However, the amplitude and the direction of the effective nuclear field vary strongly from dot to dot. The average electron spin hSti in an ensemble of dots will thus decay as a consequence of the random distribution of the local nuclear effective field. For the sake of simplicity, this spin dephasing mechanism on the QD ensemble is termed here ''spin relaxation.'' Note that for repeated measurements on a single QD the hyperfine interaction has the same effect as for an ensemble of dots [6, 7] .
The spin dynamics of carriers in III-V or II-VI semiconductor QDs have been studied experimentally by different groups in recent years [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Spin relaxation times of the neutral exciton longer than 20 ns have been found in undoped QDs [13] [14] [15] . In n-doped QDs, hole spin relaxation times longer than 10 ns have been measured [16, 17] . In all these experiments, no manifestation of the electron spin relaxation due to the interaction with nuclei has been observed for the following reasons: (i) In undoped QDs the photogenerated electron feels a strong effective magnetic field due to the exchange interaction with the hole [21] . This exchange field is much stronger than the effective hyperfine field of the nuclei, which thus plays a negligible role [22] . (ii) In the experiments performed on n-doped QDs the ground state luminescence corresponds to the radiative recombination of the negatively charged exciton X ÿ formed by one hole, and a pair of electrons with opposite spins in a singlet state [23] . In this case, no effect of the hyperfine interaction with nuclei is expected since the total electron spin in the charged exciton is zero and the hole spin is only weakly coupled to the nuclear spins due to the p symmetry of the hole Bloch function [24] .
The ideal configuration to probe the electron spin relaxation mediated by nuclei in QDs with optical experiments presents itself in the form of positively charged excitons X (consisting of one electron and two holes forming a spin singlet). As in the case of X ÿ , the exchange interaction between the electron and the two holes cancels in the X ground state. The analysis of the circular polarization of the X luminescence in p-doped QDs following a circularly polarized laser excitation will thus probe directly the spin polarization of the electron. A large spin polarization of the X luminescence has indeed been observed recently in InAs=GaAs and GaAs=AlGaAs quantum dot photoluminescence (PL) spectra [25, 26] . To the best of our knowledge the spin dynamics in p-doped QDs has, however, not been studied at low temperature so far.
In this Letter, we present measurements of the electron spin dynamics in p-doped InAs=GaAs quantum dots using optical orientation experiments. We find that the time dependence of the electron spin polarization exhibits two regimes: the polarization decays within the first 800 ps down to 1=3 of its initial value; it then remains stable with no measurable decay on the radiative lifetime scale. We also show experimentally that this efficient spin relaxation mechanism can be suppressed by the application of a small external magnetic field (B 100 mT). We interpret these results as experimental evidence of electron spin relaxation mediated by the hyperfine interaction with nuclei in an ensemble of QDs. We have studied three modulation doped QD structures grown by molecular beam epitaxy on (001) GaAs substrates. Very similar results have been obtained for all three samples. We present here the experimental data obtained in one of them which consists of 10 planes of lens shaped self-assembled InAs=GaAs QDs separated by a 30 nm GaAs layer; a beryllium delta doping layer proves that this structure contains on average less than two resident holes on the QD ground state. We have investigated the spin properties in these structures by continuous wave (cw) and time-resolved PL experiments. In the time-resolved experiments the samples are excited by 1.5 ps pulses generated by a mode-locked Ti-doped sapphire laser with a repetition frequency of 82 MHz. The time-resolved PL of the QD ground state is then recorded using an S1 photocathode streak camera with an overall time resolution of 30 ps. The excitation pulses are circularly polarized ( ). The luminescence intensity copolarized (I ) and counterpolarized (I ÿ ) with the excitation laser is recorded. The circular polarization degree of the luminescence is defined as P c I ÿ I ÿ =I I ÿ . In the following the arrows "; # characterize the spin projection on the Oz growth axis of the electron ground states (labeled S c ), whereas * and + characterize the heavy-hole pseudospin in the valence ground state (labeled S v ) [18] . Figure 1 (a) displays the cw PL spectrum of the QD ground states at T 10 K. It is characterized by a full width at half maximum of about 50 meV due to the fluctuations of size, shape, and strain in the ensemble of dots. Figure 1 (b) presents the circular polarization of the time-integrated PL after a circularly polarized picosecond excitation. The excitation energy is 1.44 eV; this corresponds to the photons absorption in the low energy part of the WL (because of the strain and the quantum confinement, this absorption corresponds to a heavy-hole-toelectron-like transition [18] ). We measure a circular polarization degree of 19% of the QD ground state emission (B z 0). The excitation intensity is about 1 mW; this corresponds to the photogeneration of less than one electron-hole pair per QD. All three p-doped samples that we have studied present circular polarization degrees larger than 10%. In contrast, the same experiment performed in nominally undoped QD samples (not shown here) yields a very small polarization P c < 3%. This weak circular polarization in undoped QDs under these nonresonant excitation conditions is a direct consequence of the linearly polarized neutral exciton eigenstates due to the anisotropic exchange interaction (AEI) between the electron and the hole [13, 14, 27, 28] . The measurement of a significant circular polarization in Fig. 1 is a strong indication of the successful chemical doping of the QD. For simplicity, we consider for the interpretation that (i) the dots contain a single resident hole and (ii) a single electronhole pair is optically injected into the dot. Following excitation into the WL, it is commonly assumed that the electron spin does not relax during the capture and energy relaxation process in the QD, whereas the initial hole spin orientation is lost due to efficient spin relaxation processes in the WL [18, 25, 29] . The recorded PL in the p-doped QD samples corresponds essentially to the radiative recombination of positively charged exciton X formed with a spin polarized electron and two holes with opposite spin [see Fig. 1 (c)]: jX i 1= 2 p j*; +; #i ÿ j+; *; #i. Figure 2 displays the circular polarization dynamics of the QD ground state luminescence [same excitation conditions as Fig. 1(b) ]. The inset presents the time evolution of the luminescence intensity components I and I ÿ . The circular polarization dynamics in Fig. 2 presents two regimes. The polarization decays within the first 800 ps down to a value of about 12%, then it remains stable with no measurable decay on the radiative lifetime scale. We can infer that the spin relaxation in this second regime is longer than 10 ns. This specific circular polarization dynamics has been observed for any detection energy in the PL spectrum of the QD ground state ensemble. Moreover, we have measured similar kinetics in all the p-doped samples we have studied. All these results are in very good agreement with the predicted electron spin relaxation by nuclei [6] [7] [8] . The time dependence of the average electron spin due to the interaction with nuclei can be written as [6] hSti
where S 0 is the initial spin, T h=g e B B is the dephasing time due to the random electron precession frequencies in the randomly distributed frozen fluctuation of the nuclear hyperfine field, B is the Bohr magneton, and g e is the electron effective Landé factor. The dispersion of the nuclear hyperfine field B N is described here by a Gaussian distribution characterized by its width B :
. It is clear from Eq. (1) that the time dependence of the average electron spin polarization exhibits two regimes. After a strong initial decay with a characteristic time T , the average electron spin polarization is expected to reach a constant value of 1=3 of the initial polarization (inset of Fig. 3) [30]. The circular polarization measured in Figs. 1 and 2 corresponds mainly to the radiative recombination of X ; i.e., it probes directly the spin relaxation of electron: P c t e t 2hSti, where e is the electron spin polarization. The initial value of the average electron spin polarization here is about e 0 40%; e t then drops down to about 1=3 ( e 12%) of its initial value in agreement with the predictions of Eq. (1). After the initial drop, the average electron spin polarization remains stable on the radiative lifetime scale. Merkulov et al. calculated that the subsequent electron spin dephasing, which is the result of the variations of the nuclear field direction, occurs on a time scale typically 100 times longer than T [6] . Thus it cannot be observed on the radiative lifetime scale.
A key argument for the hyperfine interaction being responsible for the initial polarization decay comes from magnetic field dependent measurements. We have recorded the circular polarization dynamics of the QD ground state luminescence with a magnetic field applied along the Oz growth axis. Merkulov et al. and Semenov et al. predict that the electron spin dephasing induced by hyperfine interaction can be strongly suppressed in an external magnetic field [6, 8, 31] . The required magnetic field must be larger than B , which is of the order of 10 mT [7] , to ensure that the Zeeman interaction of the electron spin with the magnetic field is stronger than the interaction with the nuclei. We see in Fig. 1(b) that the time-integrated circular polarization is almost doubled at the peak of the spectrum when a magnetic field of B z 100 mT is applied. This strong increase in circular polarization for such a weak external magnetic field is very unusual in nonmagnetic semiconductors. Note that the Zeeman splitting energy of the electron in this weak magnetic field is at least 50 times smaller than k B T at T 10 K [21] . Figure 3 displays the circular polarization dynamics of the QD ground state luminescence with magnetic fields B z 100 mT and B z 400 mT; the dynamics for B z 0 is also presented for comparison. By applying a field of B z 100 mT, we drastically increase the initial decay time to 4000 ps, as compared to 500 ps at B z 0. This pronounced effect of the small external magnetic field observed in Fig. 3 agrees very well with the expected influence of the external magnetic field on the QD electron spin relaxation by nuclei [6, 8] . The effect observed here is similar to the suppression of the nuclear hyperfine interaction measured recently for localized electrons in lightly doped bulk n-GaAs [32, 33] .
We see in Fig. 3 that the time evolution of the circular polarization at B z 400 mT is very similar to the behavior at B z 100 mT [34] . The main difference is a small increase of the initial circular polarization, which is probably due to the effect of the magnetic field on the electron spin relaxation during its capture and energy relaxation inside the dot. We still observe a slow initial decay of the circular polarization in Fig. 3 , whereas we expect a total suppression of the spin relaxation by nuclei for B z > 100 mT (see inset) [6, 8] . First, we have assumed up to now that the analyzed luminescence corresponds only to the radiative recombination of positively charged excitons X . This is an oversimplified description as neutral excitons X 0 or doubly charged excitons X 2 can contribute to the recombination process since some of the dots contain zero or two holes before the optical excitation (the majority of the dots containing one resident hole). The slow initial decay observed in Fig. 3 for B z Þ 0 could be due to the complex spin dynamics of X 0 or X 2 . Second, we have neglected in our interpretation the details of the spindependent energy relaxation inside the dots. In n-doped InAs=GaAs QDs it has been shown, in particular, that the strong AEI in the X ÿ charged exciton hot triplet state plays a significant role in the spin dynamics [18, 35] . In p-doped QDs a similar slow spin flip process mediated by the AEI in the X hot triplet state could occur in the QD where the photogenerated and resident hole spins are parallel. This effect may also contribute to the slow initial decay of the circular polarization in Fig. 3 for B z Þ 0. As the anisotropic exchange energy in the hot triplet state is a few tens of eV, the suppression of the AEI spin relaxation mechanism would require the application of magnetic fields of the order of a few Teslas. Note that in n-doped QDs the application of a field of B z 100 mT does not yield any measurable change in the PL circular polarization dynamics [36] . The initial decay time of the average electron spin polarization due to the interaction with nuclei can be estimated from Fig. 3 (B z 0) . We find T 500 ps. Merkulov et al. showed that this dephasing time can be written as
where N L is the number of nuclei interacting with the electron in the QD, A j the hyperfine constant, I j the spin of the jth nucleus, and n the number of nuclei per unit cell [6] . The sum goes over all the atoms in the primitive unit cell. We take for the hyperfine constants of As (I As 3=2) and In (I In 9=2) the values A As 47 eV and A In 56 eV, consistent with n 2 [37] . For a typical dot size (base diameter 17 3 nm, height 5 2 nm) [38] , we estimate that the number of nuclei in interaction with the electron is N L N 0 N L 6 10 4 4 10 4 [6, 7] . Equation (2) yields for an InAs dot T InAs 450 170 ps, in good agreement with the experimental value (500 ps) if we consider (i) the great uncertainty on the determination of the number of nuclei N L interacting with the electron and (ii) the In=Ga interdiffusion which yields the formation of InGaAs dots rather than pure InAs dots [39] . From the experimental determination of the dephasing time T , we can estimate the dispersion B of the nuclear hyperfine field B N . We find B h=g e B T 28 mT, assuming an electron g factor of jg e j 0:8 as measured by Bayer et al. [21] . This value of B is consistent with the effect of the external magnetic field observed in Figs. 1(b ) and 3. The external magnetic field B z 100 mT is about 4 times larger than B . The inset of Fig. 3 presents the calculated average electron spin hSti=S 0 for B z 0 and B z 4 B (100 mT) with the parameters T 450 ps and B 28 mT [6] . An additional Gaussian broadening of T ÿ1 corresponding to the dot size variations N L =N 0 T 2ln2 1=2 with a standard deviation of 0:8T ÿ1 has been added to the calculation of Ref. [6] to take into account the fluctuations of N L from dot to dot. We clearly observe the quenching of the spin relaxation by nuclei through the application of a weak external magnetic field. In conclusion, we have investigated the spin dynamics of positively charged excitons in InAs=GaAs quantum dots by time-resolved photoluminescence. We have shown that the dominant electron spin relaxation mechanism at low temperature in QDs is due the hyperfine interaction with nuclei. Although this efficient spin relaxation mechanism may strongly limit the performance of future spintronic devices, our measurements show that this spin relaxation can be suppressed by applying a magnetic field as small as 100 mT, provided, for example, by small permanent magnets.
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